The Spindle Assembly Checkpoint (SAC) maintains genomic integrity by preventing 12 anaphase until all kinetochores attach to the spindle. What specific signals are required for SAC 13 satisfaction at mammalian kinetochores, and in what magnitude, are not well understood and 14 central to understanding SAC signal processing and function. Here, we directly and 15 independently tune candidate input signals -spindle forces and Hec1-microtubule binding - 16 and map SAC outputs. By detaching microtubules from the spindle, we first demonstrate that 17 the SAC does not respond to changes in spindle pulling forces. We then tune and fix the fraction 18 of Hec1 molecules capable of microtubule binding, and interpret SAC output changes as coming 19 from changes in binding, and not spindle forces. While the speed of satisfaction reduces with 20 fewer attached microtubules, the kinetochore turns off the SAC even with few -approximately 21 four -such microtubules. Thus, the mammalian kinetochore responds specifically to 22 microtubule binding, and does so as a single, switch-like, sensitive unit. This may allow the 23 kinetochore to rapidly react to attachments and maintain a robust response despite dynamic 24 microtubule numbers. 25 26 42 2008; Tauchman et al. , 2015; Waters et al., 1998), and that spindle force on a kinetochore is 43 insufficient for SAC satisfaction without proper attachment (Kuhn and Dumont, 2017). 44 However, whether force from the spindle on a single kinetochore is necessary for SAC 45 satisfaction in normal conditions remains unclear. For example, while mono-attached 46 kinetochores can satisfy the SAC despite not generating force across the centromere (Etemad 47 65 kinetochore binds ~20 microtubules (McEwen et al., 1997; Wendell et al., 1993), with around 66
The Spindle Assembly Checkpoint (SAC) protects genomic integrity by preventing 29 anaphase until all kinetochores attach to the spindle (Rieder et al., 1995) . Unattached 30 kinetochores, and certain improperly attached ones, recruit Mad1 and Mad2, which generate 31 an anaphase-inhibitory signal (Chen et al., 1998; De Antoni et al., 2005; Maldonado and Kapoor, 32 2011). By metaphase, mammalian kinetochores bind 15-25 microtubules (McEwen et al., 1997; 33 Wendell et al., 1993) , are under spindle forces, and have lost Mad1/2. What specific signals are 34 required for SAC satisfaction, and in what magnitude, are not well understood and are key to 35 understanding SAC signal processing and function. One challenge to defining how a given input 36 signal quantitatively maps to SAC outputs is that of directly controlling and tuning candidate 37 signals -spindle forces and microtubule plus-end binding (London and Biggins, 2014) -inside 38 cells. Another is that these candidate signals are interdependent (Akiyoshi et al., 2010; King 39 and Nicklas, 2000) and hard to uncouple. 40 There are many indications that force across sister kinetochores (across the centromere) 41 is not required for SAC satisfaction (Etemad et al., 2015; Magidson et al., 2016; O'Connell et al., et al., 2015; O'Connell et al., 2008; Tauchman et al., 2015) , this could be caused by opposing 48 forces on individual kinetochores through outward spindle forces on chromosome arms (Cane 49 et al., 2013; Drpic et al., 2015; Maresca and Salmon, 2009; Uchida et al., 2009). Further, 50 inhibiting pulling forces by suppressing microtubule dynamics does not prevent SAC satisfaction 51 (Magidson et al., 2016; Waters et al., 1998) , but this could be due to altered dynamics. Finally, 52 recent evidence suggests that centromere tension may still play a role in certain scenarios 53 (Janssen et al., 2018) . Better spatial and temporal control of microtubule pulling forces on 54 kinetochores -without affecting microtubule binding -is required to determine whether 55 spindle forces are required for SAC satisfaction. 56 Regardless of the spindle force generated, kinetochore-microtubule interactions are 57 essential for controlling Mad1/2 levels (Etemad et al., 2015; Kuhn and Dumont, 2017; 58 Tauchman et al., 2015; Waters et al., 1998) . The kinetochore protein Hec1/NDC80 is key both 59 for microtubule plus-end binding (Cheeseman et al., 2006; DeLuca et al., 2006) and SAC 60 signaling (McCleland et al., 2003) . How Hec1-microtubule interactions cooperate to form a 61 kinetochore-fiber (k-fiber; microtubule bundles attaching to chromosomes) and pull on a 62 kinetochore, and how they inform SAC signaling output and kinetics, are poorly understood. In 63 mammalian cells, the number of kinetochore-microtubules (input) is widely variable (analog), 64 unlike in budding yeast where it is zero or one (Peterson and Ris, 1976) : each metaphase 80 of its ~250 Hec1 copies binding microtubules at a given time (Suzuki et al., 2015; Yoo et al., 67 2018). The number of kinetochore-bound Mad1 molecules and the cytoplasmic SAC strength 68 are also analog (Collin et al., 2013; Dick and Gerlich, 2013; Heinrich et al., 2013) . We know that 69 satisfaction can begin with half of a full microtubule complement (Dudka et al., 2018; Kuhn and 70 Dumont, 2017), but do not know the quantitative relationship between microtubule input and 71 SAC output. To map this relationship, it is necessary to fix and control the normally dynamic 72 number of kinetochore-microtubules without perturbing microtubule dynamics or essential 73 kinetochore functions. 74 Here, we develop approaches to acutely remove spindle forces on individual 75 kinetochores while maintaining microtubule attachment, and to control the level of Hec1-76 microtubule occupancy -while quantifying the SAC's output. We demonstrate that spindle 77 force generation is not required to maintain SAC satisfaction, suggesting that Mad1 levels are 78 only linked to microtubule attachment. By tuning and fixing the quantity and binding affinity of 79 Hec1 at individual kinetochores, we gradually adjust the number of attached microtubules: we 80 show that while reducing this number slows Mad1 loss rates, only four or fewer attached 81 microtubules are ultimately required to satisfy the SAC. Thus, the mammalian kinetochore acts 82 as a single processing unit that responds exclusively and sensitively to microtubule attachments 83 in a manner that ensures accuracy while preventing mitotic delays. To determine whether the SAC responds to spindle pulling forces on kinetochores, we 88 developed a laser ablation assay to mechanically isolate a k-fiber from a metaphase spindle in 89 mammalian PtK2 cells ( Fig. 1A , Video 1). We expressed EGFP-tubulin and Hec1-EGFP (in a Hec1 90 RNAi background (Guimaraes et al., 2008) ) to assist k-fiber ablation and response tracking. 91 Based on previous work (Elting et al., 2017; Kajtez et al., 2016) , we cut the k-fiber close to its 92 kinetochore to minimize residual spindle connections and forces; without these the ablated k-93 fiber (stub) cannot exert pulling forces to move kinetochores. Unlike previous approaches, 94 removing pulling forces prevents force generation on individual mature metaphase 95 kinetochores regardless of pushing forces on chromosome arms (Rieder et al., 1986) (Hueschen et al., 2017) . As predicted for the removal of spindle connections, during ablation 102 the interkinetochore (K-K) distance dropped to values comparable to that in nocodazole 103 (1.11±0.04 µm) ( Fig. 1A-B ), the disconnected kinetochore persistently moved away from its pole 104 ( Fig. 1C ) (Khodjakov and Rieder, 1996) , and we could not detect significant microtubule 105 intensity between the k-fiber stub and spindle body ( Fig. 1A , Video 1). Thus, the above method 106 removes productive force generation at individual kinetochores. 107 To assess SAC signaling after prolonged loss of force, we fixed each ablated cell (3-5 min 108 after the initial cut), stained for Mad2, kinetochores, and tubulin ( Fig. 1D , top) and re-imaged 109 each cell. There was no increase in kinetochore Mad2 intensity with an ablated k-fiber versus 110 controls with no ablation in the same cell ( Fig. 1D , top, and 1E, p=0.45), while unattached 111 kinetochores in nearby cells had higher Mad2 intensity (Fig. 1D, bottom, and 1E, ).
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Ablating k-fibers led to a decrease in K-K distance compared to control pairs in the same cell 113 ( Fig. 1F, 1 .12±0.04 vs 2.09±0.05 µm, p=10 -4 ), but indistinguishable from pairs in nocodazole-114 treated cells (1.12±0.04 vs 1.11±0.04 µm, p=0.40). We also did not detect loss in k-fiber 115 microtubule intensity after ablation ( Fig. 1G, p=0 .42), implying that the timescale of any force-116 based microtubule destabilization is longer than the time we allow. While these kinetochores 117 do not re-recruit Mad2 despite losing spindle pulling forces ( Fig. 1B -C, F), nocodazole-treated 118 kinetochores re-recruit Mad1 on the same timescale as microtubule loss (Fig. S1 ). We conclude 119 that the SAC does not detect changes in spindle pulling forces -even in the scenario of a k-fiber 120 isolated from the spindle. Thus (Guimaraes et al., 2008; Zaytsev et al., 2015 Zaytsev et al., , 2014 in PtK2 Hec1 siRNA cells, and monitored 129 EYFP-Mad1 loss dynamics during attachment formation (visualized using SiR-Tubulin 130 (Lukinavičius et al., 2014) ). While the Mad1 loss rate does not increase with higher attachment 131 number (Kuhn and Dumont, 2017), we find that it decreases with decreased numbers ( Fig. 2A -132 C, t1/2 = 190 s in Hec1-9D vs 79 s in wildtype, Video 2). A decrease in K-K distance versus 133 wildtype ( Fig. 2D, 1 .49±0.03 vs 1.90±0.08 µm, p = 10 -6 ) confirms a reduction in kinetochore-134 microtubule affinity and attachment number in Hec1-9D cells (Guimaraes et al., 2008) . We 135 conclude that the kinetochore responds to reduced microtubule levels by tuning the dynamics 136 of its SAC response. While we still detected complete loss of Mad1 (Fig. 2B ), the decreased rate (Hiruma et al., 2015; Ji et al., 2015) . To probe the relationship between the functional Hec1 152 number and microtubule attachment number, we incubated Hec1Δ cells in proteasome 153 inhibitor MG132 for 1 hr to allow kinetochores to reach steady-state attachment number and 154 then fixed and stained for microtubules, EGFP, and FusionRed (Hec1-9D). As expected, high 155 Hec1-1D cells formed robust microtubule attachments and high Hec1-9D cells did not ( Fig. 3B , 156 S2C). As the fraction of Hec1-1D increased, attachments produced more force as measured by 157 the K-K distance (Fig. 3C , Spearman's rho=0.35 p=10 -21 ), and the intensity of end-on 158 microtubule attachments rose in a graded, analog way ( Fig. 3D , Spearman's rho=0.38, p=10 -26 ). 159 Thus, this approach (the "mixed kinetochore" system) allows us to tune and fix kinetochore-160 microtubule numbers in a graded and quantifiable way, and reveals weak attachment 161 cooperativity between Hec1 subunits in the in vivo native kinetochore, similar to in vitro 162 measurements (Cheeseman et al., 2006; Ciferri et al., 2008; Zaytsev et al., 2015) . 163 We then used this mixed kinetochore system to map how kinetochores with different In the SAC, the kinetochore acts as a subcellular computer: it accepts inputs from the 189 environment, processes them, and produces an output controlling cell cycle progression. While 190 we are defining the necessary attachment inputs, the outputs (Mad1 localization), and the 191 kinetochore "hardware" (kinetochore structure and SAC biochemistry), we know little about its 192 "software": how different inputs are sensed and how inputs and outputs are quantitatively 193 related. Here, we show that the kinetochore is not sensitive to mechanical force ( Fig. 1) . 194 Instead, the kinetochore is programmed to respond to microtubule attachment number in two 195 ways ( Fig. 5) : the magnitude of the SAC response (rate of Mad1 loss) scales with the level of 196 microtubule attachment (Fig. 2) , and the kinetochore decision-making process (initiation of 197 Mad1 loss) is digital, where the SAC is satisfied with four microtubules (Fig. 3-4 ). 198 The link between mechanical force and kinetochore-microtubule attachment inputs has 199 made dissecting how they modulate SAC activity challenging. K-fiber laser ablation ( (King and Nicklas, 2000) . 211 Therefore, for kinetochores to monitor microtubule occupancy may enhance the SAC's 212 reliability. 213 The removal of Mad1 from individual kinetochores is likely controlled by one rate-214 limiting step (Kuhn and Dumont, 2017) . By reducing the number of kinetochore-bound 215 microtubules, we show that this process (downstream of decision-making) is tuned by 216 microtubule number (Fig. 2) . This may be related to microtubules' role as tracks for dynein 217 transport of Mad1/2 from the kinetochore (Howell et al., 2001) : reducing the number of dynein 218 tracks could reduce SAC protein stripping kinetics. Previously, neither changing centromere 219 tension nor increasing attachment number affected Mad1 loss rates (Kuhn and Dumont, 2017) , 220 suggesting that wildtype kinetics are limited by dynein concentration or kinetochore 221 biochemistry. Linking Mad1 loss rates to attachment status may prevent rapid satisfaction on 222 incorrect attachments. This is critical because microtubule detachment (error correction) at low 223 force is slow (Fig. 1 ) and the SAC begins to satisfy with few kinetochore-bound microtubules 224 (Fig 4) . 225 Using mixed kinetochores, we probed how the disordered kinetochore "lawn" works as 226 an ensemble to control k-fiber structure and kinetochore decision-making. We found that the 227 number of k-fiber microtubules scales gradually with functional Hec1 (Fig. 3) , indicating a lack of 228 cooperativity which may prevent reinforcement of incorrect attachments. In contrast, the 229 relationship between microtubule binding and the SAC is switch-like and sensitive ( Fig. 4) Immunofluorescence: 282 For "ablate and fix" experiments ( Fig. 1) , cells were fixed in 95% methanol + 5 mM EGTA 283 for 1 min on ice. Cells were then blocked at room temperature for 1.5 hr in TBST (50 mM Tris, 284 150 mM NaCl, 0.05% Triton X100, pH 7.6) + 2% BSA. Primary and secondary antibody 285 incubations were done in blocking solution for 1 hr and 30 min, respectively. Between each 286 step, 4-5 washes in TBST were performed. For "mixed kinetochore" immunofluorescence ( Drug and dye treatments: 309 To depolymerize spindle microtubules (Fig. 1, S1) , 5 µM nocodazole (M1404; Sigma-310 Aldrich) was added 10 min prior to fixation (Fig. 1) or 10 µM was added at the indicated time 311 (Fig. S1 ). To prevent anaphase onset (Fig. 3,4 , S2, S3) cells were treated with 5 µM MG132 312 (474790; EMD-Millipore) 1 hr prior to fixation. To visualize tubulin as a third color (Fig. 2) , 100 313 nM SiR-Tubulin dye (cy-sc002; Cytoskeleton, Inc., Denver, CO) was added 1 hr prior to imaging, 314 along with 10 µM verapamil (V4629; Sigma-Aldrich) to prevent dye efflux. (Fig. 1) was performed with a Di01-T488-13x15x0.5 (Semrock, Lake Forest, IL) head 321 dichroic along with a 488 nm (120 mW) diode laser, an ET500LP emission filter (Chroma, 322 Bellows Falls, VT), and an iXon3 camera (Andor Technology, Belfast, UK; bin=1, 105 nm/pixel). 323 For these experiments, cells were imaged in phase contrast (400 ms exposure) and 324 fluorescence (60 ms exposure) in 3 z-planes spaced 700 nm apart every 7.5-15 s with a 100× 325 1.45 Ph3 oil objective through a 1.5× lens with 5x pre-amplifier gain and no EM gain 326 (Metamorph 7.7.8.0; Molecular Devices, San Jose, CA). 327 Three-color live imaging (Fig. 2, S1 ) was performed with a Di01-T405/488/568/647 head 328 dichroic (Semrock) instead, along with 561 nm (150 mW) and 642 nm (100 mW For fixed cell imaging (Fig. 1, 3, 4, S2, S3 ) a 405 nm (100 mW) laser was added along 335 with an ET455/50M emission filter (Chroma) and two emission filters were changed to 336 ET525/36M and ET600/50M (Chroma). Cell images were acquired in z-slices 300 nm apart with 337 bin=1 and laser powers, exposure times, and EM Gain optimized (but not changed between 338 cells) to fill as much of the dynamic range of the camera as possible without saturation. For 339 mixed kinetochore experiments (Fig. 3, 4) , all acquisition settings for EGFP and FusionRed were 340 kept identical.
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Ablation Protocol: Laser ablation (20 3-ns pulses at 20Hz) with 551nm light was 342 performed using the MicroPoint Laser System (Photonic Instruments, Belfast, UK). Images were 343 acquired more slowly prior to ablation and then acquired more rapidly after ablation (typically 344 7.5 s prior and 15 s after). Successful k-fiber ablation was verified by loss of tension across the 345 centromere (Fig. 1) . To prevent k-fiber reincorporation into the spindle (Elting et al., 2014; 346 Sikirzhytski et al., 2014), the spindle area around the k-fiber was also ablated concurrently and 347 the minus-end of the k-fiber was re-ablated periodically prior to fixation. 348 Cell selection: For laser ablation (Fig. 1) , metaphase cells with minor pole-focusing 349 defects and wavy spindle morphology, indicative of partial NuMA knockdown, and visible Hec1-350 EGFP expression were chosen. In addition, Hec1 knockdown was confirmed by the lack of k-351 fibers and irregular motion of chromosomes in EGFP-negative cells. For imaging Mad1 loss ( Fig.   352 2), prometaphase cells with moderate Mad1-EFYP expression, high Hec1-9D-FusionRed 353 expression, and low average K-K distances (to indicate lack of strong attachments) were chosen.
354
Hec1 knockdown was confirmed by the lack of k-fibers and irregular motion of chromosomes in 355 FusionRed-negative cells. Gui). Pairs were then included in further analysis if they exhibited prolonged decrease in K-K 362 distance after ablation. For live imaging of Mad1 intensity (Fig. 2) , kinetochores were tracked as 363 previously (Kuhn and Dumont, 2017), using Matlab program SpeckleTracker (Wan et al., 2012) . 364 For analysis of fixed images (Fig. 1, 3, 4, S2, S3 ), kinetochores were identified by hand in a 365 custom Matlab GUI using the plane of brightest Hec1 or CREST intensity and K-fibers were 366 identified as bundles of tubulin intensity (where applicable).
Intensity measurements: Fixed kinetochore intensities (Fig. 1, 3, 4 , S2, S3) were 368 measured in Matlab by summing pixel intensities in a 7x7 (0.73x0.73 µm) box centered at the 369 indicated coordinate. To calculate the Mad2/CREST ratio (Fig. 1) and Mad1 kinetochore 370 intensity (Fig. 4) , intensities were background-corrected by dividing (Fig. 1) or subtracting (Fig.   371 4) the kinetochore intensity by the average of three background intensities. To calculate the 372 fraction EGFP (Fig. 3,4) , the kinetochore EGFP intensity (background subtracted) was divided by 373 the sum of the kinetochore EGFP and FusionRed intensity (both background subtracted). To 374 calculate tubulin intensity on a given kinetochore, two 0.5 µm long intensity linescans were 375 taken for each kinetochore: one (Tubin) perpendicular to the kinetochore-kinetochore axis 0.25 376 µm away from the kinetochore towards its sister, and one (Tubout) perpendicular to the 377 kinetochore-microtubule axis 0.25 µm away from the kinetochore towards the microtubule. 378 The microtubule attachment intensity is the difference between Tubout and Tubin. To account 379 for variance in staining between coverslips, all tubulin intensities were normalized to the 380 intensity of a 7x7 pixel box centered on the spindle pole. 381 To determine Mad1 loss rates (Fig. 2) , we measured EYFP-Mad1 and FusionRed-Hec1-9D 382 intensities at each timepoint following a protocol identical to the one used to measure Mad1 383 loss rates previously (Kuhn and Dumont, 2017) . In short, movies were thresholded by setting to 384 zero all pixels <2 standard deviations above image background at the first frame. Python modules. To calculate the relationship between the fraction EGFP and the number of 392 attached microtubules, a linear regression (least-squares) was applied to the data using Scipy. 393 The lower limit of fraction of a metaphase attachment is calculated as the ratio between 394 attachment numbers at the minimum fraction EGFP (average, mixed kinetochores) and the 395 attachment number at fraction EGFP=1. 396 397 Acknowledgements: 398 We thank Jagesh Shah for EYFP-Mad1 PtK2 cells, Iain Cheeseman for Hec1Δ HeLa cells, Michael Tubulin Mad1
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